The growth of weaning piglets is effectively improved by feeding a high Zn diet (3,000 mg Zn/kg of diet). The present study examined whether feeding a diet supplemented with Zn (1,016-3,000 mg/kg) for 10 d induces growth benefits in rats. In addition, tissue weight, Zn content of tissues, and expression of Zn transporters were examined in 5 these rats. Zn supplementation did not significantly increase body weight. Breaking line model analyses indicated that the weight of the pancreas, the organ most sensitive to excess Zn, significantly decreased with increasing Zn intake beyond 15.2 mg/d. Excess
Abstract
The growth of weaning piglets is effectively improved by feeding a high Zn diet (3, 000 mg Zn/kg of diet). The present study examined whether feeding a diet supplemented with Zn (1,016-3,000 mg/kg) for 10 d induces growth benefits in rats. In addition, tissue weight, Zn content of tissues, and expression of Zn transporters were examined in 5 these rats. Zn supplementation did not significantly increase body weight. Breaking line model analyses indicated that the weight of the pancreas, the organ most sensitive to excess Zn, significantly decreased with increasing Zn intake beyond 15.2 mg/d. Excess
Zn has been suggested to accumulate in the liver, kidney, and bone in order to protect the pancreas. Zn concentrations in the plasma, liver, kidney, and femur increased with 
Introduction
Zn is an essential mineral that acts as a co-factor for numerous enzymes and transcription factors (1) . The physiological responses to Zn deficiency are well-characterised in mammals (2) (3) (4) (5) , whereas less information is available regarding the effects of excess Zn intake. The pancreas has been suggested as the tissue most sensitive 5 to excess Zn (6) . The National Research Council (NRC) (7) proposes that Zn accumulates in tissues such as the liver, kidney, and bone, in order to protect other organs from failure induced by Zn accumulation. Zn concentrations were increased in the liver (6-fold) and in the kidney (11-fold) in pre-ruminant calves fed a diet supplemented with 500 to 700 mg Zn/kg, whereas the increases in Zn concentration in the heart and muscle
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were relatively smaller (8) ; similar results were obtained in sheep fed a diet supplemented with 700 to 2,100 mg Zn/kg (9) . Furthermore, the Zn concentrations in the liver, kidney, and bone were higher in rats fed a diet supplemented with 2,438 mg Zn/kg compared with growing rats fed a diet containing 38 mg Zn/kg, and the Zn concentration of these tissues plateaued at supplementation levels of 2,438 to 7,238 mg Zn/kg (10) .
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Elevated Zn intake (3,000 mg/kg) for a period of 14 d surprisingly induces growth in weaning piglets (11) (12) (13) . Considering that the Zn requirement for growing pigs is 100 mg/kg (14) , the Zn-induced growth promotion results from the pharmacological effects of excess Zn intake. The physiological basis for these pharmacological effects remains 20 unclear. ZnO possesses antimicrobial properties (15) , but several studies suggest that ZnO promotes growth in early-weaned and conventionally weaned pigs, regardless of diarrhoea prevalence or intestinal microbial numbers (16) (17) (18) .
Zn homeostasis is primarily maintained by regulation of its absorption and secretion.
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Several Zn transporters of the Slc39 (Zip) and Slc30 (ZnT) families have been identified.
Members of the Zip family have been shown to increase the cytosolic Zn concentration, whereas those of the ZnT family decrease the cytosolic concentration (19) (20) (21) (22) . Zip4 and ZnT1 are involved in Zn absorption in the small intestine (23, 24) , whereas Zip5 is responsible for intestinal Zn secretion (25) . In addition, Zn is secreted from the pancreas into the gut by Zip5 and ZnT1 (25, 26) . Zn transporter activities are modulated in response to Zn depletion through alteration of gene expression, transporter translocation, or 5 both (22) .
We hypothesised that growth promotion induced by excess Zn intake (3,000 mg/kg) is not limited to weaning piglets but is instead observed in other animals, including rats. In addition, it was hypothesised that each tissue grows proportionally in rats fed diets 10 supplemented with excess Zn. In order to examine these points, we examined body and tissue growth, accumulation of Zn in tissues, and expression of Zn transporters in growing rats fed diets supplemented with excess Zn. We specifically examined (1) whether growth promotion induced by excess Zn is observed in growing rats, (2) whether the concept proposed by the NRC regarding the prevention from Zn toxicity is 15 applicable, and (3) whether Zn transporter gene expression is altered in response to excess Zn ingestion. Our results indicate that excess Zn ingestion did not enhance the growth performance in growing rats, but in fact decreased pancreatic weight.
Unexpectedly, the gene transcript levels of both the intestinal Zn transporters involved in Zn absorption and those involved in secretion were decreased in rats fed diets with 20 higher Zn contents.
Materials and methods

Animals and diets
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The experiments were approved by the Kyoto University Animal Experiment Committee (20-19). Twenty-eight male specific pathogen-free Sprague-Dawley rats aged 4 wk were housed individually in stainless-steel cages under constant conditions (24C, 50% humidity) with a fixed light-dark cycle (lights on from 0500 to 1900).
Because excess Zn-induced growth promotion in weaning pigs is not necessarily due to the antimicrobial effects as described above, we used specific pathogen-free rats. After a 5 d acclimatisation period of feeding the basal diet (24 mg Zn/kg) shown in Table 1, rats   5 were randomly assigned to receive diets with differing Zn concentrations. The requirement of Zn in growing rats is 12 mg/kg (27) ; the basal diet contained twice as much Zn (27) . (BW) and feed consumption were measured every day.
At the end of the 10-d experimental period, rats were killed by bleeding from the abdominal aorta under isoflurane anaesthesia. Tissues (the liver, kidney, pancreas, spleen, small intestine, testis, gastrocnemius muscle, femur, and perirenal fat pad) were 20 collected and weighed. Blood collected with a heparinised syringe was centrifuged at 2,500  g for 30 min at 4C to obtain the plasma. The intestine was flushed with saline and scraped with slide glass to obtain the intestinal epithelium. Other tissues were rinsed in saline, immediately frozen in liquid nitrogen, and stored at -80C until analysis.
Determination of mineral contents
After wet-ash digestion of diets, plasma, and tissues with trace-element grade nitric acid and hydrogen peroxide, Zn concentrations in diets, plasma, and tissues were measured by atomic absorption spectrometry (AA-6600F; Shimadzu, Kyoto, Japan). The analytical accuracy of the Zn determination was confirmed by analysis of a certified reference material from bovine liver (standard reference material 1577b, National
5
Institute of Standards and Technology, Gaithersburg, MD, USA).
RNA extraction and quantitative RT-PCR (qRT-PCR)
Total RNA was isolated from the small intestine epithelium, pancreas, and liver using 
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Statistical analyses
Data are expressed as the least square mean  SEM. All analyses were performed using SAS (29) . The data on BW and feed intake were subjected to the MIXED procedure. Each rat was determined an experimental unit and measurements of the same rat on different 10 days were considered repeated measures. The statistical model included the effects of diet, experimental day, and the interaction between both. In addition, the effects of dietary Zn on tissue weight were analysed with the GLM procedure. Furthermore, when tissue Zn concentrations or weights were plotted against daily Zn intake, a breaking point of daily Zn intake indicating a plateau was explored using the NLIN procedure. A 15 model with 1 breaking point and no limit of its slope value before or after the point was applied. When the model was significant, and when the slope was not significantly different from 0, the breaking point was further determined by application of the model with 1 breaking point with 0 as the slope after the point. Differences were considered significant at P < 0.05.
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Results
Body and tissue growth
Time-course changes in BW showed an insignificant effect of diet, but the effect of the 25 interaction between diet and experimental day was significant, suggesting that the effect of excess Zn on BW depended on the length of the treatment period ( Fig. 1 ). This indicates that, unlike in piglets, a diet supplemented with 3,000 mg Zn/kg does not have a beneficial effect on BW gain in rats. As for daily feed intake, both the diet effect and the interaction between diet and experimental day were not statistically significant ( Fig.   2A ). In addition, feed efficiency, i.e. weight gain per feed intake, was not significantly affected by the diet, the experimental day, or the interaction between both (Fig. 2B ).
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Typical symptoms of Zn toxicity are vomiting and gastrointestinal dysfunction (30) , and the pancreas is the organ most sensitive to Zn toxicity (6) . Two rats fed a diet supplemented with 3,000 mg Zn/kg excreted soft stools for the last 3 days of the experimental period, although the other rats did not exhibit any symptoms throughout 10 the study. The weight of the pancreas relative to BW was lower in rats fed a diet supplemented with 2,008 mg Zn/kg or 3,000 mg Zn/kg compared to those fed a diet supplemented with 24 mg Zn/kg or 1,016 mg Zn/kg, whereas no significant effects of the diet on the weight of the liver, kidney, spleen, testis, gastrocnemius muscle, femur, and perirenal fat were detected (Table 2) . Plotting the pancreas weight against daily Zn 15 intake revealed a decrease in rats that ingested Zn at levels above 15.2 mg/d (Fig. 3 ).
Plasma and tissue Zn concentration
Plasma and tissue Zn concentrations were higher in rats fed diets supplemented with more than 1,016 mg Zn/kg than in those fed the basal diet (data not shown). To examine 20 the relationship between Zn intake and the Zn concentrations in detail, plasma and tissue Zn concentrations were plotted against daily Zn intake (Fig. 4) . Zn concentrations in the plasma, liver, kidney, and femur increased linearly with increasing intake of Zn up to 31.3, 37.1, 28.3, and 35.1 mg/d, respectively, and eventually reached a plateau ( Fig. 4A-D) . These results suggest that Zn efficiently accumulates in the plasma, liver, 25 kidney, and femur in response to increased Zn intake and that the capacity to retain Zn is limited. In view of the higher proportion of skeletal muscle weight relative to total BW, approximately 60% of body Zn is stored in the muscle tissue (31) ; however, the Zn concentration in the muscle was not significantly altered by increasing Zn intake (Fig.   4E ).
The relationship between the Zn concentration in the pancreas and daily Zn intake also 5 indicated that the breaking point was 8.4 mg/d; the pancreatic Zn concentration increased up to this point (Fig. 3F) . In contrast to the plasma, liver, kidney, and femur, the Zn concentration in the pancreas linearly decreased in rats that ingested Zn above the breaking point.
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Expression of Zn transporters, Mt, and Igf-1
The gene transcript levels of the transporters involved in intestinal absorption and secretion of Zn were examined by qRT-PCR (Fig. 5) . Expression of Zip4 in the intestinal epithelium, which is responsible for the uptake of Zn across the mucosal membrane (24) , was significantly lower in rats fed a diet supplemented with 1,016 mg
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Zn/kg than in those fed the basal diet, with no differences among dietary groups with higher Zn contents (Fig. 5A ). The expression of ZnT1 in the intestinal epithelium, which promotes Zn transport from the cytosol of epithelial cells to the portal vein (23) , was also down-regulated in rats fed diets supplemented with 1,016-3,000 mg Zn/kg (Fig. 5B ).
Zip5 is located at the basolateral membrane of the intestinal epithelium and promotes Zn 20 transport from the portal vein to epithelial cells (25) . The expression of Zip5 was down-regulated in rats fed diets supplemented with 1,016-3,000 mg Zn/kg; the expression in rats fed a diet supplemented with 2,008 mg Zn/kg was higher than that in rats fed a diet containing 1,016 mg Zn/kg (Fig. 5C ). No significant differences were detected in the expression of ZnT1 and Zip5, transporters responsible for Zn secretion 25 into the gut (25, 26) , in the pancreas ( Fig. 5D and E).
Mt is involved in Zn homeostasis, and Mt expression is induced by several metals including Zn (32, 33) . Expression of Mt-1a has been shown to change in parallel with that of ZnT1 in response to Zn exposure in cultured hepatoma cells and fibroblasts
; we therefore evaluated Mt expression in this study. The expression levels of Mt-1a and
Mt-2a in the intestinal epithelium were higher in rats fed diets supplemented with 2,008 5 or 3,000 mg Zn/kg than in those fed the basal diet ( Fig. 6A and B) ; Mt-1a expression was higher in rats fed a diet supplemented with 2,008 mg Zn/kg than in those fed a diet containing 3,000 mg Zn/kg. The expression of Mt-1a and Mt-2a in the liver was higher in rats fed diets supplemented with 1,016-3,000 mg Zn/kg than in those fed the basal diet; the expression increased in a dose-dependent manner ( Fig. 6C and D) . The 10 regulatory expression of hepatic Mt-1a and Mt-2a in response to excess Zn intake is similar to the changes in Zn accumulation in the liver (Fig. 4B) ; this reflects the fact that Zn accumulated in the liver is incorporated into Mt-1a and Mt-2a, which buffer excess Zn to provide protection from Zn toxicity (33) . No significant changes in Mt expression were detected in the pancreas (Fig. 6E and F) .
A previous study suggested that the increased expression of Igf-1 and its receptor are responsible for excess Zn-induced growth promotion in piglets (13) . We evaluated expression of Igf-1 in the intestinal epithelium and in the liver, one of the major Igf-1-producing organs (35) . Expression of Igf-1 was not significantly different among 20 groups, irrespective of the tissues analysed (Fig. 7) .
Discussion
The present study examined the short-term effects of extremely high Zn intake on body Zn depletion-induced Zip4 expression in the small intestine is well-characterised (36) (37) (38) .
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By contrast, less information is available regarding the expression of Zn transporters in animals fed excess Zn. Expression of ZnT1 and ZnT2 in the small intestine was significantly higher in rats fed a diet containing 180 mg Zn/kg for 2 wk than in those fed a diet containing 30 mg Zn/kg (39) . (25) , the 15 gene transcript level of Zip5 in the intestinal epithelium was not elevated but instead decreased in rats fed a diet supplemented with 1,016 mg Zn/kg compared to those fed the basal diet. Thus, it is unlikely that the Zip5-mediated Zn secretion is increased in rats fed diets with high Zn content. The pancreas is the major organ for endogenous Zn secretion into the gut (43) . Expression levels of pancreatic Zip5 and ZnT1, which are 20 expressed predominantly in the acinar cells of the pancreas (25, 26) , were not increased in response to the ingestion of diets supplemented with excess Zn. These results suggest that the increased Zn secretion from the pancreas is not responsible for the limited Zn accumulation in the liver, kidney, and bone.
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Intestinal Mt levels are inversely related to the rate of Zn absorption (44) , and it has been suggested that Mt inhibits Zn absorption (45) . Thus, the present finding that expression of Mt-1a and Mt-2a was up-regulated in the intestinal epithelium of rats fed diets supplemented with 2,008 or 3,000 mg Zn/kg may reflect an inhibition of intestinal Zn absorption in these rats. However, the expression of intestinal Mt-1a and Mt-2a was not significantly higher in rats fed the diet supplemented with 3,000 mg Zn/kg than in those fed the diet containing 2,008 mg Zn/kg. Thus, the limit of tissue Zn accumulation in rats 5 fed the diet supplemented with 2,008 mg Zn/kg could not be explained by the
Mt-induced inhibition of Zn absorption. Although gene transcript levels of intestinal
Zip4 were not further decreased in rats fed diets containing more than 1,016 mg Zn/kg in this study, processing and translocation of Zip4 are modified in response to changes in Zn status (46, 47) . Thus, post-translational modifications may be responsible for the 10 defence against Zn ingestion in diets containing more than 2,008 mg Zn/kg.
In piglets, short-term feeding of a diet supplemented with 3,000 mg Zn/kg effectively enhanced BW gain (11) (12) (13) , and this feeding regimen is applied in practice on pig farms. Li et al. (13) suggested that the excess Zn ingestion stimulates Igf-1-mediated signalling,
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which enhances the villous height of the small intestinal mucosa resulting in growth promotion of piglets. Considering that Igf-1 expression in the small intestine and in the liver was not significantly increased in response to excess Zn ingestion, the inability to stimulate the Igf-1 axis may be one of the reasons why body growth was not accelerated in rats fed a diet supplemented with 3,000 mg Zn/kg.
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The present study clarified that growing rats have defence mechanisms against excess Means without a common letter in superscripts differ significantly (P < 0.05). 
Figure legends
